A solvothermal continuous-flow method for the scalable and shape tunable synthesis of rod-like/spherical TiO 2 nanocrystals (NCs) has been developed. The as-prepared colloidal NCs show photocatalytic activity in an additioncyclization cascade under continuous-flow conditions.
Introduction
Titanium dioxide nanocrystals (TiO 2 NCs) have received an exceptional amount of attention owing to their potential application in a wide range of fields such as photocatalysis [1] , solar energy conversion [2] , ductile ceramics [3] , sensors [4] , and mesoporous membranes [5] . Among all these applications, TiO 2 has most often been used as a photocatalyst [1] . TiO 2 is a large bandgap semiconductor that is commonly investigated in rutile (bandgap 3.0 eV) and anatase (bandgap 3.2 eV) phases and its response to a wavelength of∼390 nm has led to the emergence of the photocatalysis research field [1] . The anatase phase generally has the highest photocatalytic activity [6] , with some crystallographic planes of anatase being particularly reactive [7] . However, depending on the specific application, TiO 2 NCs must fulfill a variety of requirements in terms of particle size, size distribution, morphology, crystallinity, and phase. As the most promising photocatalyst, TiO 2 NCs have been synthesized via many different solution-based routes such as sol-gel, hydrothermal, solvothermal, and microemulsion techniques [8, 9] . However, a need for superior size and shape selectivity, tighter control over particle properties, and better batch-to-batch reproducibility has created a demand for alternative qualityassured production methods that can improve on batch synthesis. Traditional batch processes are of limited utility for the production of NCs on a larger scale owing to limited temperature control and lack of homogeneous mixing, which essentially results in a wide size distribution of NCs. In order to overcome these drawbacks, alternative ways for the scalable preparation of TiO 2 NCs with controlled particle shape and size are in high demand.
Continuous-flow/microreactor processing provides precise control over reaction conditions, including temperature and the residence time, regardless of the process scale [10] . The main advantages associated with this technology are the fast rates of thermal and mass transfer providing a homogeneous reaction environment (rapid heating, cooling, and mixing), the rapid and continuous screening of reaction parameters, the ability to change the composition of the reaction mixture by varying the injection rates of multiple feeds, online analysis, and continuous materials production [10] . TiO 2 NCs have been prepared using different types of continuous-flow microreactors such as coaxial [11], microdroplet [12] , or segmented based flow reactors [13] . These studies largely focused on the degree of control over nanoparticle properties offered by the microreactor approach, with the potential for scalable size and shape control remaining unexplored.
Herein, we present a continuous-flow process for the shape controlled and scalable preparation of nearly monodisperse TiO 2 NCs. Depending on specific reaction conditions, TiO 2 NCs were prepared in either rod or spherical shape, and the photocatalytic activity of the as-prepared TiO 2 NCs was investigated in a continuous-flow tandem addition-cyclization process by applying the TiO 2 NCs as a colloidal photocatalyst. To the best of our knowledge, this is the first time that the use of colloidal TiO 2 NCs as a photocatalyst is reported under continuous-flow conditions.
Results and Discussion
For the synthesis of TiO 2 NCs a high-temperature (250-300°C) solvothermal process was developed using a single-feed flow reactor setup (Figure 1 ). Solvothermal methods generally afford a higher degree of control over the size and shape distributions and the crystallinity of the TiO 2 NCs compared to hydrothermal methods [8] . For the preparation of TiO 2 NCs, titanium isopropoxide (TTIP) was used as titanium source, oleic acid (OA) as a capping agent, and anhydrous toluene as a solvent [14] . In a typical process, a mixture of OA, TTIP, and toluene was processed through a 10-mL internal volume stainless steel coil (i.d. = 1.0 mm) heated in a gas chromatograph (GC) oven to 250°C using a standard high-performance liquid chromatography (HPLC) pump. The flow rate was adjusted to 0.5-5 mL/min in order to obtain a residence time of 2-20 min. After processing and workup, the OA-coated TiO 2 NCs were then easily redispersed in solvents such as toluene, chloroform, or hexane, without any further growth or irreversible aggregation (for more details, see Experimental section). The OA coating on TiO 2 NCs can be easily exchanged by other desired capping agents or removed completely [9c].
The X-ray diffraction (XRD) patterns for the TiO 2 NCs are shown in Figure 2a . The reflection peaks have been assigned to pure anatase phase TiO 2 (JCPDS card no: 21-1272), with no additional phases being detected. The shape and nanostructural details of the as-synthesized NCs were characterized by transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) (Figure 2b ). Figure 2b represents the TiO 2 nanorods prepared after 10 min residence time (90% yield). Shorter residence times resulted in smaller nanorods and in lower yield. Prolonging the residence time to more than 10 min did not affect the isolated yield significantly. Therefore, for all subsequent investigations, a residence time of 10 min was chosen.
The effect of OA stoichiometry and the influence of solvent were examined at 250°C. In the absence of OA, or in a molar ratio of 1:1 to TTIP, large particles (>50 nm) with irregular shapes were obtained. On the other hand, dilution of the precursor solution with toluene, thereby increasing the ratio of TTIP to toluene from 1:5 to 1:20, had little effect on the size and shape distribution of the resulting TiO 2 NCs.
As can be seen in Figure 2b , along with the TiO 2 nanorods, small amounts of spherical NCs (8±3 nm) were additionally formed. These nearly spherical particles can easily be separated from the mixture by size selective precipitation [9c] . Since the high surface area in such small-sized TiO 2 NCs is an interesting parameter for photocatalytic applications, we attempted to find conditions to generate the spherical TiO 2 NCs selectively. It has been demonstrated previously that the reaction temperature has a great influence on tuning the morphology of different kinds of NCs [15] . Do and co-workers have observed that by increasing the reaction temperature, the shape of TiO 2 NCs evolved from an anisotropic form to an isotropic one (i.e., from nanorods to spherical particles) [16] . Indeed, when the continuous-flow TiO 2 generation was performed at higher temperatures (260°C, 280°C, and 300°C), the number of nanorods decreased. Figure 3 highlights the effect of temperature on the shape of the produced NCs. Gratifyingly, by using a mixture of TTIP, OA, and toluene with a ratio of 1:3:10, we were able to produce TiO 2 NCs in 92% isolated yield using 5 min residence time at 300°C. The TiO 2 NCs (5±1 nm) are fairly monodisperse and are highly crystalline (Figure 3c and d) . This shape tuning from rods to spherical can be ascribed to the balance between the kinetic and thermodynamic growth regimes [15a]. In the kinetic regime, the crystals grow rapidly on the faces with high surface energy, leading to TiO 2 nanorods. However, when the growth temperature is increased to a value that provides sufficient thermal energy, the shapes of TiO 2 NCs change to more thermodynamically stable spherical shapes through intraparticle ripening and interparticle Ostwald ripening processes [15] . Additionally, owing to the high surface area in a stainless steel coil-based microreactor, the heating rate of the reactor is extremely fast and the desired target temperature is reached more or less instantaneously. This exceptionally high heating rate favors rapid nucleation, which can reduce the critical nucleus size, and generates a higher nucleus concentration and thus narrower size distribution. This homogeneous nucleation results in the formation of nearly monodisperse spherical TiO 2 NCs. In addition to its simplicity in preparing TiO 2 NCs, the continuous-flow method therefore enables to tune the shape of NCs simply by changing the reaction temperature.
The large-scale production of monodisperse NCs utilizing experimentally simple protocols without additional post-synthesis size selection processes is one of the main challenges in colloidal NC preparation [17] . The simplicity of the current protocol encouraged us to explore the stability and reproducibility of our flow setup in an experiment involving an extended time period. Therefore, an experiment was designed wherẽ 180 mL of precursor solution containing 30 mL (0.1 mol) TTIP and 85 g OA in 55 mL toluene were pumped with a flow rate of 1 mL/min within~3 h through a 5-mL flow reactor heated at 300°C (residence time 5 min). The isolated yield of TiO 2 NCs (7.2 g) for this 3-h experiment was calculated based on inductively coupled plasma mass spectrometry (ICP-MS) analysis corresponding to a productivity of~2.4 g per hour (57.6 g per day) of high quality fairly monodisperse spherical TiO 2 NCs (5±1 nm, see Figure 4 ).
As photocatalytical application for the prepared TiO 2 NCs, we explored the tandem addition-cyclization reaction of Nmethylmaleimide and N,N-dimethylaniline following a known mechanism [18] and using a simple reactor setup allowing the continuous processing of the reaction mixture through the ultraviolet (UV)-irradiated zone ( Figure 5 ) [19, 20] . A UV lightemitting torch (365 nm UV-LED, Labino® Torch Light UVG2, 12,000 μW/cm 2 , modified to work with a 5-V power supply providing constant power) was used for the excitation of the colloidal TiO 2 NCs photocatalyst. A spiral of perfluoroalkoxy (PFA)-tubing (Ø 0.8 mm inner diameter, 0.1 mm wall thickness, 0.65 mL effective reaction volume) transparent to 365 nm UV light was used to contain the reaction mixture. By recirculating a 1:1 mixture of N-methylmaleimide and N,N-dimethylaniline (0.25 mmol of each) in 3 mL of CH 2 Cl 2 together with 1 mL of toluene stock solution containing spherical TiO 2 NCs (0.3 M) with 0.5 mL/min flow rate for 5 h, the expected tetrahydroquinoline 1 [21] was obtained in 91% yield after isolation by Titanium Dioxide Nanocrystals chromatography. The degree of conversion was easily followed by HPLC monitoring of the reaction mixture composition during the UV irradiation exposure. Similar results were obtained when TiO 2 nanorods were used, albeit affording lower conversion (~54%) under otherwise identical conditions.
For comparison purposes, a commercial sample of TiO 2 nanoparticles (<100 nm, 43-47 wt.% dispersion in xylene; Aldrich) was also tested under the described reaction conditions. The latter allowed conversions in the range of 59-60% thus showing similar activity as the colloidal TiO 2 nanorods prepared by the continuous-flow procedure described above. However, while processing the reaction mixture in the photoreactor setup, deposition of TiO 2 on the inner surface of the reactor tubing occurred, rendering the reactor setup opaque to light. Using colloidal NPs, we did not observe contamination of the coil walls or reduced activity as a consequence.
In summary, we have developed an experimentally straightforward single-phase continuous-flow process for the shapecontrolled and scalable preparation of nearly monodisperse TiO 2 NCs. TiO 2 NCs were prepared in either rod or spherical shape depending on reaction temperature. Using OA as surfactant allowed the preparation of concentrated colloidal TiO 2 dispersions which is an essential feature for studying photocatalytic behavior in homogeneous solutions. The photocatalytic activity of the asprepared colloidal NCs was investigated in the tandem additioncyclization reaction of N-methylmaleimide and N,N-dimethylaniline under continuous-flow conditions.
3. Experimental 3.1. General. Titanium isopropoxide (TTIP, 97%), oleic acid (OA, tech~90 %), toluene (anhydrous, 99.8%), and other chemicals were purchased from Sigma-Aldrich and used as received.
Continuous-Flow Reactor Setup for the Synthesis of
TiO 2 Nanocrystals (NCs). The microreactor concept used in this study followed a standard one feed approach (Figure 1) . The precursor solution containing dissolved TTIP and OA in toluene was pumped by a single HPLC pump (flow rates 0.5-5.0 mL/min). The monophasic reaction stream passed through a 10.0-mL internal volume stainless steel coil (inner diameter of 1.0 mm) heated to the respective reaction temperature (250-300°C) in a standard GC oven. This allows residence times in the heated zone of 2-20 min. Owing to the low boiling point of toluene (110°C), a 60-bar back pressure regulator was used at the end of the residence time unit.
3.3. Characterization Techniques. High-resolution transmission electron microscopy (HRTEM) images were acquired on a Tecnai F 20 microscope (FEI Company) with a Schottky emitter, an UltraScan CCD camera, and a Gatan GIF quantum energy filter system. The samples were deposited on copper TEM grids with a carbon film. Inductively coupled plasma mass spectrometry (ICP-MS) analyses were performed in an Agilent 7500ce inductively coupled plasma mass spectrometer. Aliquots of the solutions (~100 mg) dispersed TiO 2 NCs in toluene were digested with HNO 3 /HF (4.5+0.5 mL) in a microwave heated autoclave. The autoclave was pressurized to 70 bar with Ar. The temperature program was heating to 250°C in 45 min and keeping this temperature for 30 min. After cooling, the samples were further diluted, and Ti was determined with an inductively coupled plasma mass spectrometer (7500ce Agilent Technologies). X-ray diffraction analysis (XRD) was carried out with step size = 0.02 and step time = 1 s on a Siemens D501 X-ray diffractometer.
3.4. Continuous-Flow Synthesis of TiO 2 NCs 3.4.1. TiO 2 Nanorods. 4.2 g (15 mmol) of OA were dried under vacuum at 120°C for 1 h and subsequently cooled to room temperature under argon atmosphere. 1.5 mL (5 mmol) of TTIP and 3 mL (25 mmol) of toluene were then added while stirring. The pale yellow solution was stirred at room temperature under inert condition for 24 h. The solution was then pumped through a 10 mL stainless steel coil (i.d. = 1 mm). The flow rate was adjusted to 1 mL min -1 to obtain a residence time of 10 min. The stainless steel coil was preheated at 250°C in a GC oven. 20 mL of absolute ethanol were added to the prepared NCs and subsequently the solution was centrifuged at 5000g for 10 min. The resulting precipitate was isolated and washed twice with ethanol to remove surfactant residuals. The OA-coated TiO 2 NCs were then easily redispersed in solvents such as toluene, chloroform or hexane, without any further growth or irreversible aggregation.
3.4.2. TiO 2 Spherical NCs. 4.2 g (15 mmol) of OA was dried under vacuum at 120°C for 1 h and subsequently cooled to room temperature under argon atmosphere. 1.5 mL (5 mmol) of TTIP and 6 mL (50 mmol) of toluene were then added while stirring. The pale yellow solution was stirred at room temperature under inert condition for 24 h. The solution was then pumped through a 10 mL stainless steel coil (i.d. = 1 mm). The flow rate was adjusted to 2 mL min -1 to obtain a residence time of 5 min. The stainless steel coil was preheated at 300°C in a GC oven. Work-up was performed as described above.
3.5. Continuous-Flow Photo-Reactor Procedure for the Synthesis of 2,5-Dimethyl-3a,4,5,9b-tetrahydro-1H-pyrrolo [3,4-c] quinoline-1,3(2H)-dione (1) Using TiO 2 Nanocrystals. In a typical procedure, 30 mg (0.248 mmol, 32 μL) of N, N-dimethylaniline and 28 mg (0.248 mmol, 1 equiv.) of Nmethylmaleimide are dissolved in 3 mL of CH 2 Cl 2 . To the so formed reaction mixture, 1 mL (0.3 M in toluene, 1 equiv.) of the TiO 2 NC solution is added. The mixture is then introduced into the flow reactor setup, previously purged with CH 2 Cl 2 , by means of a syringe pump (Syrris), while the outlet is connected to the reservoir with the starting materials to assure continuous recirculation. The UV-LED torch light (365 nm UV-LED, Labino® Torch Light UVG2, 12,000 μW/cm 2 ) is placed at 2 cm distance above the PFA-tube spiral and switched on. At regular intervals (1 h), samples are analyzed via HPLC (212 nm) to determine the progress of the reaction. The combined reaction mixtures of several runs were collected and subjected to flash chromatography (SP1, Biotage) to obtain an analytically pure sample of the tetrahydroquinoline 1 in 91% yield, mp. 171-173°C, lit.
[20] mp. 175°C, identical in all respect (nuclear magnetic resonance [NMR] , MS) with literature data [20] .
